FOCUS
C erebral venous sinus thrombosis (CVST) primarily occurs in the setting of trauma, infection, and congenital or acquired hypercoagulable states, but nearly 20%-25% of CVST cases occur without an identifiable cause. 16, 19 It is estimated that 4.7%-11.6% of patients undergoing posterior fossa surgery for cerebellopontine angle tumors will develop postoperative lateral sinus thrombosis. 1, 8, 11 With the relatively low incidence of this serious complication, there is a paucity of reports in the literature regarding the diagnosis, management, and sequelae associated with postoperative CVST.
To date, the management strategy applied in the treatment of postoperative thrombosis has been elucidated from the better-studied approaches used to treat spontaneously occurring CVST. 3, 15 However, because the primary strategy for treating spontaneous CVST is aggressive an-ticoagulation, its application in the immediate postoperative period poses a serious dilemma for otologists and neurosurgeons. Specifically, surgeons must balance the risk of postoperative hemorrhage caused by venous hypertension associated with sinus thrombosis with the risk of hemorrhage due to perioperative anticoagulation. In the absence of evidence-based guidelines for the management of this iatrogenic entity, we report herein our experience with CVST after the resection of vestibular schwannomas.
Methods
We utilized the Enterprise Data Warehouse database at the University of Utah Health Sciences Center and a cross-referenced electronic medical record to identify patients who had undergone resection of a pathologically confirmed vestibular schwannoma during the period from September 2011 through September 2017. Patients treated with microsurgical resection of vestibular schwannomas were cross-referenced with an internal database maintained by the senior author (W.T.C.) from December 2007 to September 2017. Screening of these patients was accomplished by employing filters based on the ICD-10 code D33.3 (benign neoplasm of cranial nerves). Study exclusion criteria included an age < 18 years or not having an elective procedure for the treatment of vestibular schwannoma. A manual chart review was performed to verify patients' inclusion and obtain clinical variables.
Microsurgical cases included those performed via retrosigmoid, translabyrinthine, or middle cranial fossa approaches. Selection of the applied surgical approach was dependent on specific patient and tumor characteristics, such as tumor size and location and preoperative hearing function, at the discretion of the senior authors (C.S. and W.T.C.).
The following variables were collected from the electronic medical records of the patients: age, sex, hypercoagulable risk factors (i.e., history of cancer, smoking, previous deep venous thrombosis, medications), tumor size, tumor site, Koos grade, 9 surgical approach, length of stay (LOS), intraoperative direct cerebral venous sinus injury, development of postoperative CVST, transverse-sigmoid sinus dominance, CVST management, modified Rankin Scale (mRS) score 2 at the last follow-up, and follow-up duration and status. The diagnosis of CVST was made on routine postoperative CT scan and confirmed with CT venography (CTV) or MR venography (MRV). Continuous variables are reported as the means ± standard deviations, whereas percentages were used for categorical variables.
Results

Patient and Surgical Characteristics
During the study period, a total of 116 patients underwent resection of a pathologically confirmed vestibular schwannoma and were included in our analysis (Table 1) . Among these patients were 60 (51.7%) men and 56 (48.3%) women; the mean age was 49.0 ± 13. The mean LOS was 5.0 ± 3.5 days (range 2-25 days). The mean follow-up was 16.6 ± 24.3 months (range 0-120.8 months). At their last follow-up, 11.2% of patients had an mRS score ≥ 2.
Cerebral Venous Sinus Injury and Thrombosis
Postoperative CVST occurred in 7 patients, resulting in an overall incidence of 6% in our study. Of these cases, the retrosigmoid approach was used in 3 (10%) of 31 patients, whereas 4 (8%) of 52 patients underwent a translabyrinthine approach. Two patients incurred an iatrogenic cerebral venous sinus injury that was repaired during surgery, although one of these patients also developed a postoperative CVST ( Table 2 ). The other patient had a cerebral venous sinus injury but did not develop CVST, as outlined in Table 2 (case 8). Among the 7 patients with CVST, 5 were men and 2 were women. Their mean tumor size was 3.0 ± 1.3 cm (range 1.2-5.0 cm). The tumor was located on the left side in 4 patients and on the right side in 3 patients. Two patients had Koos grade II tumors, 2 had Koos grade III, and 3 had Koos grade IV. None of the patients developed postoperative CVST after a middle cranial fossa approach.
All 7 patients developed postoperative CVST ipsilateral to the lesion. Two patients had postoperative transverse and sigmoid sinus thrombosis, 1 had transverse-sigmoid junction thrombosis, 1 had sigmoid sinus thrombosis only, and 3 had thrombosis extending from the transverse sinus distally into the internal jugular vein. Sinus co-dominance was present in 5 patients, and in 2 patients the CVST involved the nondominant sinus. Only 1 patient had hypercoagulable risk factors (history of deep venous thrombosis), for which he completed a course of anticoagulation. None of the patients were specifically symptomatic from the CVST. In each case, CVST was detected on routine postoperative imaging and subsequently confirmed with CTV or MRV. Management of the 7 patients experiencing CVST is outlined in Table 2 . All patients received aggressive hydration to maintain an intravenous fluid rate of 40-50 ml/ kg/day. Four patients were started on antiplatelet therapy with aspirin (ASA), 1 was started on intravenous heparin with bridging to warfarin, 1 was started on therapeutic enoxaparin while an inpatient and ultimately discharged on ASA, and 1 underwent inpatient heparin bridging to warfarin but was discharged on dabigatran. Total duration of treatment ranged from 3 to 6 months. All patients were maintained on higher than maintenance rates of intravenous fluids until discharge. Notably, the patient initiated directly on enoxaparin therapy developed an extraaxial hemorrhage involving the cerebellopontine angle and cervicomedullary junction, an intraventricular hematoma, and concomitant obstructive hydrocephalus following the initiation of anticoagulation. As a result, therapy with enoxaparin was reversed with protamine sulfate (Fig.  1) and a right frontal external ventricular drain (EVD) was placed emergently for progressive ventriculomegaly. Drain placement was further complicated by epidural and intraparenchymal hematomas at the site of the procedure, requiring a right frontal craniotomy for evacuation of the extraaxial hemorrhage. Given the patient's complications in the setting of full-dose anticoagulation, she was ultimately maintained on antiplatelet therapy only. She was discharged to an inpatient rehabilitation unit but had only minimal gait instability and mild diplopia at the last follow-up. The remaining patients who underwent CVST treatment did not experience any complications.
The mean LOS among the 7 patients with CVST was 11.0 ± 9.2 days (range 3-25 days). The mean follow-up was 10.8 ± 14.5 months (range 0-120.8 months). At their last follow-up, all 7 patients had an mRS score of 1.
Discussion
Patients undergoing posterior fossa surgery for cerebellopontine angle tumors are at an increased risk for the development of CVST. 1, 11 In these cases, the treating physician is left to balance the risk of thrombotic complications with the hemorrhagic risks of anticoagulation in the immediate postoperative period. In the current study, we retrospectively reviewed our experience with CVST in patients undergoing microsurgical resection of vestibular schwannomas.
Incidence of CVST After Posterior Fossa Surgery
Previous studies have documented a rate of CVST of 4.7%-11.6% among patients undergoing posterior fossa surgery. 1, 8, 11 In one of the largest series reported to date, Apra et al.
1 analyzed the risk of postoperative lateral CVST among 180 patients who underwent suboccipital craniotomy for various cerebellopontine angle tumors, including meningiomas, gliomas, schwannomas, and metastatic lesions. The authors found that 12 patients (6.7%, 95% CI 3.0-10.4) developed postoperative lateral CVST. In all patients, sinus thromboses occurred ipsilateral to the lesion, and none of the patients developed associated clinical symptomatology. Similarly, Keiper and colleagues 8 reported postoperative lateral CVST in 4.7% of 107 patients, and Moore et al.
11 reported a rate of 11.6% in 43 patients undergoing suboccipital or translabyrinthine approaches to the posterior fossa. In accordance with these reported incidences, our CVST rate was 6.0% in 116 patients with vestibular schwannomas treated via resection. As the above-mentioned studies included lesions of various histopathologies in their analyses, to the best of our knowledge, our study constitutes the first and largest study specifically examining postoperative CVST in patients with vestibular schwannomas.
Symptoms Associated With CVST
Patients with CVST may present with headaches, vision changes, seizures, altered mental status, intracranial hemorrhage, and other neurological sequelae. 1, 8, 11, 18 Whereas Keiper et al. 8 reported the onset of headaches and visual changes in a delayed fashion in all 5 patients with CVST, the patients in our study remained entirely asymptomatic from their thrombotic complications. Our experience is supported by the studies by Apra et al. 1 and Moore et al.;
11 in the latter study, only one patient developed ataxia and cerebellar symptoms that resolved after CVST treatment.
The clinical tolerance of postoperative CVST may be attributed to the presence of collateral venous channels or a dominant contralateral sinus. Moreover, it is possible that in a majority of patients, postoperative CVST may be an inherently less aggressive pathological process than spontaneous CVST, as the latter population is composed only of patients who have developed sufficiently severe symptoms to seek medical care. Nevertheless, surgeons should maintain a high index of suspicion after posterior fossa surgery to avoid missing postoperative CVST, particularly in asymptomatic patients. Routine postoperative CT screening is recommended.
Risk of CVST With Surgery
The transverse and sigmoid sinuses are the most commonly involved structures in CVST occurring after posterior fossa surgery. 1, 8, 10, 11 As in the current study, the majority of previously reported postoperative CVST cases occurred in these lateral cerebral venous sinuses ipsilateral to the lesion. 1, 10, 11 Thrombotic complications involving the sinuses appear to correlate with the need for sinus exposure in these approaches. Accordingly, we found that patients who underwent retrosigmoid or translabyrinthine approaches in our study were most at risk for this complication, whereas those who were treated via the middle cranial fossa approach, in which the venous sinuses are not encountered (although the superior petrosal sinus is exposed in all cas- es), experienced no thrombotic complications. Although we found a slightly higher incidence of CVST after the retrosigmoid approach (10%) compared with that after the translabyrinthine approach (8%), it is unclear whether the degree of sinus exposure (partial exposure in retrosigmoid approach vs complete exposure in translabyrinthine approach) accounts for this variation in the incidence of postoperative CVST. Interestingly, all the cases of CVST in this series occurred in a co-dominant or nondominant sinus but not in a dominant sinus. This observation may be related to a higher blood flow in the dominant sinus in comparison with nondominant and superficial venous drainage patterns. Higher throughput of blood in the dominant side may decrease the risk for venous stasis, thrombus formation, and thrombus propagation postoperatively. In addition to mechanical sinus injury, numerous reported factors are thought to promote CVST formation. Among them are processes that contribute to dural desiccation of the sinus, including direct heat conduction during bony drilling and thermal radiation from the operative microscope lamp. 1, 8, 11, 13 To help mitigate these potential risk factors, efforts should be made to minimize sinus exposure and manipulation. Drilling around the sinus should be accomplished under constant irrigation, while exposed aspects of the sinus should be protected with moist neurosurgical patties. Retraction of the sinus should generally be avoided or frequently released to prevent intraluminal venous stasis. Finally, in the case of direct sinus injury, repair should be undertaken using nonabsorbable monofilament sutures (e.g., 6-0 Prolene suture).
Management of CVST Associated With Surgery
There remains significant heterogeneity among surgeons regarding the management of postoperative CVST primarily owing to the paucity of published reports and the relatively low incidence of this complication. Given the well-reported management of spontaneous CVST, 3, 15 anticoagulation aimed at reducing the risk of sinus thrombosis propagation and the development of venous infarction is the mainstay of therapy for postsurgical cases of CVST.
1,11 Apra et al. 1 used therapeutic enoxaparin in a majority of patients, ultimately switching 1 patient to oral anticoagulation at discharge and electing to withhold anticoagulation from another with a small thrombus. Interestingly, these authors found a statistically significant elevated risk of surgical complications in anticoagulated patients with postoperative lateral CVST compared with that in patients without indication for anticoagulation (p = 0.020). However, none of these complications were related to post-anticoagulation intracranial hemorrhage. Moore et al. 11 reported the successful management of postoperative CVST with the use of intravenous heparin transitioned to warfarin for 6 months in 5 patients. In their series, only 1 patient experienced mild vaginal bleeding as a complication of the anticoagulation therapy. Despite these reports, concerns for an increased risk of catastrophic hemorrhage in the acute postoperative period are rampant. 13, 14 In fact, in our own study, a CVST patient treated with enoxaparin experienced severe hemorrhagic complications attributable to therapeutic anticoagulation in the immediate postoperative period.
Given the limited data in the literature regarding the natural history of postoperative CVST, there exists significant variability in the management of this complication. In the absence of established guidelines, our management strategy for these patients is based on the experience of the senior author. As a matter of course, all patients undergoing presigmoid (translabyrinthine) or retrosigmoid approaches for resection of vestibular schwannomas should be aggressively hydrated in the perioperative period. In fact, many of our patients are now routinely maintained at an intravenous fluid rate of 40-50 ml/kg/day, rather than the standard maintenance rate of 25-30 ml/kg/day, for up to 3 days postoperatively. For patients with a direct intraoperative sinus injury requiring repair, we recommend the prophylactic initiation of antiplatelet therapy with ASA, usually started in the immediate postoperative period. The use of ASA in multiple patients was well tolerated in the current study, and it has been associated with limited risk when started in the immediate perioperative period in neurosurgical patients. 7 After injury, the goal in using ASA is to prevent intraluminal thrombus or propagation of the clot if intraluminal thrombus occurs. In patients with CTV-or MRV-confirmed CVST after its identification on routine postoperative CT, if the sinus is dominant or co-dominant, we have utilized therapeutic anticoagulation with intravenous heparin but without initial bolus dosing. Although many patients with postoperative CVST may remain asymptomatic without treatment, we have experienced complications with untreated CVST. The sequelae of postoperative CVST can be devastating, including a venous infarct, seizures, hydrocephalus, or even death.
1,8 Thus, we use anticoagulation with heparin in all patients with radiographically documented sinus thrombosis, unless it is demonstrated that the involved sinus is diminutive in comparison to the contralateral patent sinus and the sinuses communicate at the torcula. If a postoperative CVST is symptomatic, it is treated with anticoagulation in this manner regardless of dominance. Therapeutic low-molecular-weight heparin (LMWH) is avoided in the early postoperative period. Patients unresponsive to anticoagulation therapy, as demonstrated by progression on repeat CTV or MRV 3-7 days after the initiation of treatment, or those who demonstrate acute neurological deterioration are candidates for more aggressive measures. Notably, reports of successful endovascular treatment of CVST with thrombolytics and mechanical thrombolysis are emerging. [4] [5] [6] 10, 12, 17 In the absence of progression on repeat venous imaging, the patient may be transitioned to either oral anticoagulation or therapeutic enoxaparin for a 3-to 6-month period.
Limitations and Future Directions
The retrospective single-site study design and the low incidence of postoperative CVST represent our primary study limitations. Although our institution is a high-volume center for vestibular schwannomas, our reliance on noncontrasted CT scans as the first-line screening for CVST likely further limited the study sample size. Ultimately, multicenter prospective studies employing a single management strategy may be required to establish appropriate treatment guidelines for postoperative CVST.
Conclusions
Postoperative CVST is an uncommon complication following vestibular schwannoma surgery. In our series of 116 patients treated with microsurgical resection, postoperative CVST occurred in 6.0% of patients and was managed with either antiplatelet or anticoagulation therapy. Because of the lack of evidence-based guidelines, the management of postoperative CVST is challenging. Although we present our management strategy, future prospective studies are needed to better understand CVST, its optimal management, and its long-term sequelae. Although anticoagulation of CVST has inherent risks, as demonstrated by the clinical course of the patient whose imaging studies are shown in Fig. 1 , untreated CVST of a dominant or codominant sinus is also associated with the risk of neurological deterioration. We plan to address this issue with a prospective study.
